Ephrins and semaphorins regulate a wide variety of developmental processes, including axon guidance and cell migration. We have studied the roles of the ephrin EFN-4 and the semaphorin MAB-20 in patterning cell-cell contacts among the cells that give rise to the ray sensory organs of Caenorhabditis elegans. In wild-type, contacts at adherens junctions form only between cells belonging to the same ray. In efn-4 and mab-20 mutants, ectopic contacts form between cells belonging to different rays. Ectopic contacts also occur in mutants in regulatory genes that specify ray morphological identity. We used efn-4 and mab-20 reporters to investigate whether these ray identity genes function through activating expression of efn-4 or mab-20 in ray cells. mab-20 reporter expression in ray cells was unaffected by mutants in the Pax6 homolog mab-18 and the Hox genes egl-5 and mab-5, suggesting that these genes do not regulate mab-20 expression. We find that mab-18 is necessary for activating efn-4 reporter expression, but this activity alone is not sufficient to account for mab-18 function in controlling cell-cell contact formation. In egl-5 mutants, efn-4 reporter expression in certain ray cells was increased, inconsistent with a simple repulsion model for efn-4 action. The evidence indicates that ray identity genes primarily regulate ray morphogenesis by pathways other than through regulation of expression of semaphorin and ephrin.
Introduction
During development, cells show specificity in forming cell-cell contacts. For example, in the vertebrate hindbrain, cells belonging to a given rhombomere mix freely with each other, but not with cells of neighboring rhombomeres (Fraser et al., 1990) . Similarly, the Drosophila wing imaginal disc is divided into dorsal/ventral and anterior/posterior compartments that form lineage-restricted boundaries (Garcia-Bellido et al., 1973) . The ability of a cell to form specific cell-cell contacts according to its identity poses the question of what regulatory connections exist between cell identity-specifying genes and genes that directly control formation of cell-cell contacts. In the case of the rhombomeres, mutations in the identity-specifying genes HoxA1, HoxB1, and Krox20 disrupt ability of cells to form boundaries (Carpenter et al., 1993; Mark et al., 1993; Voiculescu et al., 2001) , as does loss of Eph receptor function (Xu et al., 1995 . In these cells, HoxA1, HoxB1, and Krox20 directly activate expression of Eph receptors (Chen and Ruley, 1998; Theil et al., 1998) . In the Drosophila wing disc, boundary formation requires expression by dorsal compartment cells of the homeodomain transcription factor Apterous, which contributes to boundary formation by activating expression of the transmembrane proteins capricious and tartan (Milan et al., 2001 ).
Here, we investigate possible links between cell identityspecifying genes and genes that directly control cell-cell contact formation in the cells that give rise to the sensory rays of Caenorhabditis elegans. Each of the nine rays is composed of three cells derived from a respective ray precursor cell, Rn (n ϭ 1 to 9) (Sulston et al., 1980) . The three cells of a given ray show specificity in cell-cell contact formation: they form contacts along adherens junctions with one another, but not with cells belonging to other rays (Baird et al., 1991) . Loss-of-function in a class of genes known as the ray identity genes, which specify ray-specific properties, such as morphology and neurotransmitter usage, results in formation of ectopic contacts at adherens junctions between cells belonging to different rays (Baird et al., 1991; Chow and Emmons, 1994; Chow et al., 1995; Krishna et al., 1999; Savage et al., 1996; Zhang and Emmons, 1995) . These contacts are permanent and lead to formation of a "ray fusion" instead of individual rays.
The ray identity genes include the Hox genes mab-5 and egl-5, the Pax6 homolog mab-18, and components of the dbl-1 TGF-␤ pathway (Chow and Emmons, 1994; Krishna et al., 1999; Savage et al., 1996; Zhang and Emmons, 1995) . The fact that mab-5, egl-5, and mab-18 encode transcription factors suggests that they function through regulating expression of genes that directly control cell-cell contact formation. The dbl-1 pathway is also likely to function through transcriptional regulation as it includes the Smad transcription factors sma-2 and sma-3. The dbl-1 pathway has been shown through mosaic analysis to function in a cell-autonomous manner to control cell-cell contact formation (Savage et al., 1996). mab-5, egl-5, and mab-18 are expressed in the ray cells that form ectopic contacts in the respective mutants, suggesting that they too function cellautonomously (Ferreira et al., 1999; Salser and Kenyon, 1996; Zhang and Emmons, 1995; Zhang et al., 1998) .
What genes might the ray identity genes regulate? Screens for ray fusion mutants suggest two candidates based on their phenotypes and the types of proteins they encode. efn-4 (previously known as mab-26) and mab-20 mutants have fusions affecting most rays, consistent with roles downstream of multiple ray identity genes (Baird et al., 1991; Chow and Emmons, 1994) . EFN-4 encodes a homolog of GPI-linked ephrins (Chin-Sang et al., 2002) , a family of protein ligands for Eph receptor tyrosine kinases that initiate a signaling cascade in the Eph-expressing cell and in some cases the ephrin-expressing cell as well (reviewed in Flanagan and Vanderhaeghen, 1998; Wilkinson, 2001; Cowan and Henkemeyer, 2001) . In addition to EFN-4, the C. elegans genome contains three other ephrins, VAB-2/EFN-1, EFN-2, and EFN-3, which interact with the Eph receptor VAB-1 during embryogenesis to regulate epidermal cell migration (Chin-Sang et al., 1999; George et al., 1998; Wang et al., 1999) . MAB-20 encodes a homolog of Drosophila Semaphorin-II, which is predicted to be secreted (Roy et al., 2000) . Semaphorins have been shown to function through binding to the transmembrane receptors plexin and neuropilin, initiating a signaling cascade that leads to repulsion or, in some cases, attraction in axons and migrating cells (Hu et al., 2001; Liu and Strittmatter, 2001; Nakamura et al., 2000; Winberg et al., 2001) . MAB-20 is one of three C. elegans semaphorins, and has been hypothesized to function by repelling extension of cell processes, thus preventing initiation of ectopic cell-cell contacts (Roy et al., 2000) .
Here, we study cell-cell contact formation in mutants in -4, mab-20 , and ray identity genes. We show that all mutants that result in ray fusions have similar developmental defects in cell-cell contact formation, causing formation of inappropriate adherens junctions between cells belonging to different rays. By studying expression of efn-4 and mab-20 reporters in ray identity mutants, we examine the possibility that ray identity genes function through activating expression of EFN-4 or MAB-20. We find that, in many cases, these effector genes are not regulated by the ray identity genes, and where they are, this does not appear to be sufficient to account for accurate ray morphogenesis.
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Materials and methods
Strains
Strains were maintained according to Brenner (1974) and Wood (1988) at 20°C, except as noted. All strains carried him-5(e1490) to increase incidence of males. Strains containing pha-1 (e2123) were grown at 16°C. pha-1 transgenic strains carrying pha-1(ϩ) arrays were grown at 25°C. All alleles have been previously described and are nulls with the exception of mab-5(e1751) : LGI, mab-20(ev574) (Roy et al., 2000) ; LGII, sma-6(wk7) (Krishna et al., 1999) ; LGIII, mab-5(e1751) (Salser et al., 1993), egl-5(u202) (Chisholm, 1991) , pha-1(e2123) (Granato et al., 1994) ; LGIV, efn-4(bx80) (Chow and Emmons, 1994); LGV, him-5(e1490); X, mab-18(bx23) (Zhang and Emmons, 1995) .
Nomarski and fluorescence microscopy
To score ray fusion, animals were mounted on 2% agarose pads and viewed by Nomarski optics at 400ϫ or 1000ϫ. To score fluorescence, males were mounted on agarose pads containing 0.5% phenoxypropanol as anesthetic and viewed at 1000ϫ under UV light by using a Zeiss 487905 filter set. Digital images were obtained by using the SPOT camera system.
Transgenic lines and constructs
Transgenic lines were generated by microinjection using pha-1 selection (Granato et al., 1994; Mello et al., 1991) . All injection solutions contained 100 ng/l PvuII-digested N2-genomic DNA and 2 ng/l XhoI-digested pBX1, which carries the pha-1 gene (Granato et al., 1994) .
The jam-1::gfp-carrying transgenic line bxEx48, described previously (Portman and Emmons, 2000) , was crossed into egl-5(u202), mab-18(bx23), mab-20(ev574), efn-4(bx80), and sma-6(wk7) [strain designations: him-5(e1490) 
pPRII.14 (ApaI-digested, Klenow-blunted) and pPRII.67 (FspI-digested) (Roy et al., 2000) were injected into him-5(e1490), at 5 and 1 ng/l, respectively, to generate transgenic lines bxEx63 and bxEx60, which were crossed into egl-5(u202), mab-18(bx23), and sma-6(wk7) egl-5(u202), mab-18(bx23), efn-4(bx80), sma-6(wk7) [strain designations: him-5(e1490) 
The construct driving efn-4::gfp expression from the mab-20 promoter (EM#308) was generated by overlapping PCR combining the 2.5-kb sequence 5Ј to the mab-20 start codon with efn-4::gfp sequence extending from the efn-4 start codon to 2.3-kb 3Ј of the stop codon. Exons and splice junctions were confirmed by sequencing; gel-purified construct was injected at 15 ng/l into him-5(e1490), and crossed into mab-18(bx23) and efn-4(bx80) [strain designations:
Scoring efn-4::gfp expression
In wild-type and mutants, efn-4::gfp expression in Rn.a descendants was weak, such that, in some individuals, expression was not detectable in all Rn.a descendants that express in strongly expressing individuals. However, relative expression strength appeared to be preserved, since the frequency at which descendants of each Rn.a cell showed expression correlated with expression strength in strongly expressing individuals (see Fig. 3b and c). To assist scoring, animals were grown in conditions of reduced food (but not to the point of dauer induction), which increased expression strength without altering relative expression levels between descendants of different Rn.a cells, except for a slight decrease in expression strength in R4.a descendants.
Data analysis
Pearson Chi-square test was used to test significance (P Յ 0.05).
Results
Ray fusion has a similar cellular basis in all ray fusion mutants
The nine bilateral pairs of rays are derived from nine bilateral pairs of ray precursor cells (Rn, where n ϭ 1 to 9), which execute a stereotyped ray sublineage to generate the three cells that comprise each ray, as well as an epidermal cell (Rn.p) and a cell that undergoes apoptosis (Rn.aap) (Fig. 1a) . The cell bodies of the ray cells subsequently migrate into the body but leave behind a dendritic attachment to the cuticle, thus forming an extended process that becomes the visible portion of the ray. The apical surfaces of Rn cells and their descendants, as well as neighboring epidermal cells, are surrounded by adherens junctions (Francis and Waterston, 1991; Mohler et al., 1998) . By visualizing the adherens junction component JAM-1, Baird et al. (1991) found that, during the ray sublineage, cell apical surfaces undergo stereotypical changes in shape and position and form reproducible patterns of cell-cell contacts. Notably, upon completion of the ray sublineage, the three cells of a given ray form contacts with one another but not with cells of other rays (Baird et al., 1991; Fig. 1b) .
In contrast to wild-type, Baird et al. (1991) and Roy et al. (2000) found that, in mab-18 and mab-20 mutants, cells belonging to different rays form "ectopic" contacts at adherens junctions in patterns corresponding to ray fusions ( Fig. 1d and e) . Using the reporter jam-1::gfp, we found similarly in null mutants of egl-5(u202), efn-4(bx80) , and sma-6(wk7), which encodes the type I TGF-beta receptor of the dbl-1 pathway, that ray fusion was preceded by ectopic formation of adherens junctions between cells of different rays (Fig. 1c , f, and g) (Krishna et al., 1999) . As expected, patterns of ectopic contacts correspond to the rays that fuse in the respective adults. , ectopic contacts form between descendants of R2.a, R3.a, R4.a, and R5.a (Fig. 1c) ; in adults, rays 2, 3, 4, and 5 fuse (Chisholm, 1991) . In efn-4(bx80), ectopic contacts form between Rn.a descendants in variable patterns (Fig. 1f) ; in adults, rays fuse in variable patterns (Table 1 ; Chow and Emmons, 1994) . In sma-6(wk7), ectopic contacts form between descendants of R4.a and R5.a, R6.a and R7.a, and R8.a and R9.a (Fig. 1g) ; in adults, rays 4 and 5, 6 and 7, and 8 and 9 fuse (Table 1 ; Krishna et al., 1999) .
Unlike other ray fusion mutants, egl-5 and sma-6 mutants show defects in positioning of apical cell surfaces of R5.a and R7.a descendants. In wild-type and in mab-18, mab-20, and efn-4 mutants, the apical surfaces of R5.a descendants lie dorsally to R4.p and R6.p, and apical surfaces of R7.a descendants lie dorsally to R5.p and R7.p (Fig.  1b, d-f ). In contrast, in egl-5(u202), apical surfaces of R5.a descendants are positioned ventral to R4.p, even before ectopic contacts with R4.a descendants are formed ( Fig. 1c  and i) . In sma-6(wk7), the apical surfaces of R5.aa and R5.ap are born in their normal positions dorsal to R4.p and R5.p, but subsequently cross to the ventral side of R4.p and R5.p, where they form ectopic contacts with R4.a descendants (Fig. 1g) . In addition, in sma-6(wk7) mutants, the apical surfaces of R7.aa and R7.ap lie lateral rather than dorsal to R6.p and R7.p (Fig. 1j) . Abnormal positioning of R5.a and R7.a descendants in egl-5 and sma-6 mutants may be a prerequisite for ectopic contact formation, since in wild-type, R4-7.p cells separate R5.a and R7.a descendants from R4.a and R6.a descendants, respectively. We do not know whether ectopic positioning is sufficient for ectopic contact formation, and it is possible that egl-5 and sma-6 control cell-cell contact formation in these cells through additional functions. 
Note. Individual left and right sides were scored independently. Rays 8 and 9 are difficult to visualize and hence were not scored. In mab-20(ev574) and efn-4(bx80) mutants, ray 1 forms at an abnormally anterior position and therefore was not scored. Rays do not form in egl-5(u202), so ectopic contact formation was scored with jam-1::gfp. Significance of differences were calculated by standard chi-square test. mab-20::gfp rescues mab-20(ev574) ray fusion in all rays (P Յ 0.001). efn-4::gfp rescues efn-4(bx80) ray fusion in all rays (P Յ 0.001). mab-20p::efn-4gfp rescues ray 6 fusion in efn-4(bx80) (P Յ 0.001) but not mab-18(bx23). Ray fusion in mab-20(ev574); efn-4(bx80) is increased over both mab-20(ev574) and efn-4(bx80) in rays 2 and 6 (P Յ 0.001) but not rays 3 or 4.
mab-20::gfp expression is unaffected in egl-5 and mab-18 mutants
Consistent with a role for mab-20 downstream of ray identity genes, descendants of most Rn.a cells form ectopic contacts in mab-20 mutants, resulting in ray fusion, including those that form ectopic contacts in egl-5, mab-18, and sma-6 mutants (Table 1; Baird et al., 1991; Roy et al., 2000) . Based on its homology to semaphorins, MAB-20 was hypothesized to control cell-cell contact formation in Rn.a descendants by repelling extension of cell processes, thus preventing initiation of inappropriate cell-cell contacts (Roy et al., 2000) . MAB-20 is predicted to be secreted and hence has the potential to act at a distance (Roy et al., 2000) . To study mab-20 expression in ray cells, we used two mab-20 GFP reporters, pPRII.14 and pPRII.67 (gifts of P. Roy and J. Culotti) (Fig. 2a) . pPRII.14 consists of genomic sequence extending from 6 kb upstream of the predicted mab-20 start codon to 1 kb downstream of the stop codon, with GFP inserted near the MAB-20 N terminus; pPRII.67 consists of a 2.5 kb sequence upstream of the mab-20 start codon driving expression of GFP containing a nuclear localization signal (Roy et al., 2000) . pPRII.14 strongly rescues ray fusion in the null mutant mab-20(ev574), suggesting that it drives MAB-20 expression in a wild-type pattern (Table 1) .
In agreement with Roy et al. (2000), we found that pPRII.14 and pPRII.67 have similar expression patterns. During execution of the ray sublineage, both reporters are expressed in Rn descendants and not in other epidermal cells in the tail (Fig. 2b) . Weak expression is first detected at the Rn and Rn.a stages and increases in strength with time. At the Rn.aa and Rn.aaa stages, all Rn.a descendants express the reporters ( Fig. 2b ; Roy et al., 2000) . Expression levels are similar between descendants of a given Rn.a cell and between descendants of different Rn.a cells. Expression in Rn.p cells is usually undetectable and relatively weak when present.
The facts that mab-20 reporters are expressed in all Rn.a descendants and that descendants of all Rn.a cells form ectopic contacts in mab-20 mutants suggest that MAB-20 acts directly on all Rn.a descendants. We hypothesized that ray identity genes might function by activating mab-20 expression in a subset or in all Rn.a descendants that form ectopic contacts in the respective mutants. However, we found that pPRII.14 and pPRII.67 expression patterns were indistinguishable from wild-type in the null mutants egl-5(u202) and mab-18(bx23) (Fig. 2c and d) . Assuming that reporters accurately reflect mab-20 expression, these results suggest that ray fusion in egl-5 and mab-18 mutants does not result from failure of Rn.a descendants to express mab-20. In contrast, in the null mutant sma-6(wk7), expression of both mab-20 reporters is missing from Rn.a descendants at low frequency (10 -20% sides), raising the possibility that failure to express mab-20 may contribute to ectopic contact formation in sma-6(wk7), in conjunction with abnormal positioning of R5.a and R7.a descendants ( Fig. 2c and d ; Table 1 ). Fig. 2 . mab-20 reporter expression in Rn.a descendants in wild-type and ray identity mutants. Expression patterns at the Rn.aa and Rn.aaa stages were identical to one another in wild-type and in mutants; expression frequencies represent combined data from both stages. For each animal, one left or right side was scored. (a) pPRII.14 consists of genomic sequence extending from 6 kb upstream of the mab-20 start codon to approximately 1 kb downstream of the end of the final exon, with GFP inserted near the mab-20 N terminus; pPRII.67 consists of 2.5 kb mab-20 promoter sequence driving expression of GFP (Roy et al., 2000) . (b) pPRII.14 expression at Rn.aaa stage. Scale bar, 10 m. (c) pPRII.14 expression frequency in wild-type and ray identity mutants, combined Rn.aa and Rn.aaa stages. pPRII.14 expression in wild-type in egl-5(u202) and mab-18(bx23). Expression is lost at low frequency in Rn.a descendants in sma-6(wk7) (P Յ 0.01 for all rays). , N ϭ 27; for mab-18(bx23), N ϭ 25; for sma-6(wk7), N Ն 10. (d) pPRII.67 expression is wild-type and ray identity mutants, combined Rn.aa and Rn.aaa stages. N Ն 16 for egl-5(u202); N ϭ 39 for mab-18(bx23), N ϭ 31 for sma-6(wk7). Expression is absent at low frequency in sma-6(wk7) in descendants of R4.a-R9.a (P Յ 0.01 for all rays); descendants of R1.a, R2.a, and R3.a were not scored due to strong background expression in underlying cells.
efn-4::gfp is expressed in Rn.a descendants at ray-specific levels
To study efn-4 expression in ray cells, we used an efn-4::gfp reporter consisting of genomic sequence extending from 5.3 kb upstream of the efn-4 start codon to 2.3 kb downstream of the stop codon, with GFP inserted after the first predicted coding exon ( Fig. 3a; gift of S. George and A. Chisholm) . This reporter shows some degree of rescuing ability for ray fusion in the null mutant efn-4(bx80) ( Table  1) . Among epidermal cells in the tail, efn-4::gfp was expressed in Rn.a descendants but not in other tail epidermal cells (Fig. 3b and c) . Expression was first detected in Rn.aa and Rn.ap cells, and expression increased in strength in their descendants. Expression levels among descendants of the same Rn.a cell were similar. Expression was strongest and most frequent in descendants of R2.a and R6.a, intermediate in strength and frequency in R4.a, R5.a, and R7.a, and absent from R1.a and R3.a; expression was not scored in R8.a and R9.a descendants because it was weak and highly variable between individuals.
In other systems, ephrins have been shown to function through interaction with the Eph class of receptor tyrosine kinases, leading in most cases to repulsion (Flanagan and Vanderhaeghen, 1998; Wilkinson, 2001 ). The expression pattern of efn-4 in the rays suggests a model where EFN-4 regulates cell-cell contact formation in Rn.a descendants in a contact-dependent manner through interaction with a membrane-bound protein expressed in descendants of neighboring Rn.a cells, resulting in repulsion in one or both cells.
egl-5 is necessary for expression of efn-4::gfp at differing levels in rays 2-5
egl-5 encodes an Abd-B homolog expressed in R3, R4, R5, R6, and their descendants. In egl-5 mutants, ectopic contacts form between R2.a, R3.a, R4.a, and R5.a descendants (R6 fails to execute the ray sublineage) (Fig. 1c ) (Chisholm, 1991; Ferreira et al., 1999) . We hypothesized that egl-5 might regulate cell-cell contact formation in R4.a and R5.a descendants by activating efn-4 expression, and therefore we might expect to find reduced or absent efn-4::gfp expression in egl-5(u202) mutants. However, we found that efn-4::gfp expression is actually increased in descendants of R3.a and R5.a in egl-5(u202) mutants ( Fig.  3d and e) , resulting in uniform expression in rays 2-5, and indicating that egl-5 has a repressive effect on efn-4::gfp expression in rays 3 and 5. If efn-4 functions as a repellent, ectopic efn-4 expression would not be expected to induce ectopic contact formation. Assuming that the reporter faithfully reflects endogenous efn-4 expression, we conclude that egl-5 controls expression of additional genes besides efn-4 to prevent incorrect cell-cell contact formation. An alternative possibility is that ectopic efn-4 expression in egl-5(u202) mutants causes ectopic contact formation. However, we found that ectopic contacts still form at full penetrance in egl-5(u202); efn-4(bx80) double mutants (Table 1).
mab-18 activates efn-4::gfp expression but does not function solely through activating efn-4 expression
mab-18 encodes a Pax6 homolog expressed in R6 and its descendants (Zhang et al., 1998) . In mab-18 mutants, R6.a descendants form ectopic contacts with R4.a descendants (Zhang and Emmons, 1995) (Fig. 1d) . We hypothesized that mab-18 might function through activating efn-4 expression in R6.a descendants, and therefore we might expect efn-4::gfp expression to be reduced or absent in ray 6 cells in mab-18(bx23). We found that, in mab-18(bx23) mutants, the frequency at which efn-4::gfp expression was detected in R6.a descendants was approximately half that of wildtype, and when present, expression in R6.a descendants was weaker than in R4.a descendants, in contrast to wild-type, where expression in R6.a descendants was stronger ( Fig. 3f  and g ). Expression frequency of efn-4::gfp was also decreased in R5.a descendants, suggesting a cell-nonautonomous effect of mab-18. If efn-4::gfp accurately reflects endogenous efn-4 expression, then reduced efn-4 expression in R6.a descendants in mab-18(bx23) would be expected to contribute to ectopic contact formation between R6.a and R4.a descendants.
These results raise the question of whether mab-18 functions solely through activating efn-4 expression. Therefore, we determined whether restoring efn-4 expression to R6.a descendants is sufficient to prevent ectopic contact formation in R6.a descendants in mab-18 mutants. Restoration of efn-4 expression in ray 6 was achieved by driving efn-4 expression from a transgene carrying efn-4::gfp under control of the mab-20 promoter (mab-20p::efn-4gfp) (Fig. 3m) . This construct is expressed in R6 descendants in mab-18(bx23) mutants (Fig. 3I) and strongly rescues fusion of ray 6 with ray 4 in efn-4(bx80) ( Table 1) . However, it has no rescuing effect on ray 6 fusion in mab-18(bx23) ( Table 1) . Therefore, ectopic contact formation in R6.a descendants in mab-18 is not solely due to reduced efn-4 expression in R6.a descendants, and mab-18 must have additional targets to prevent incorrect cell-cell contact formation.
efn-4::gfp expression is slightly reduced in R5.a descendants in sma-6(wk7)
In sma-6(wk7) mutants, ectopic contacts form between descendants of R4.a and R5.a, and R6.a and R7.a. We hypothesized that sma-6 controls cell-cell contact formation by activating efn-4::gfp expression in descendants of one or more of these Rn.a cells, in addition to its positioning functions in R5.a and R7.a descendants. We found that efn-4::gfp expression frequency is wild-type in descendants of R6.a and R7.a, but is reduced in R4.a and R5.a descendants, raising the possibility that sma-6 may control cellcell contact formation in R5.a descendants by activating efn-4 expression ( Fig. 3h and i) .
Expression of mab-5 in R1.a and R3.a descendants is not sufficient to activate efn-4::gfp expression
We considered what other factors might control efn-4::gfp expression. Like efn-4::gfp, the Hox gene mab-5 is expressed in R2.a and R4.a descendants, and not in R1.a or R3.a descendants (Salser and Kenyon, 1996) . In mab-5 heterozygotes and the weak mutant mab-5(bx54), ray 4 fuses with its anterior neighbor ray 3, indicating that mab-5 controls cell-cell contact formation in at least R4.a descendants (Chow and Emmons, 1994; Salser and Kenyon, 1996) . We could not test whether mab-5 is required in R2.a and R4.a descendants for activating efn-4::gfp expression by examining loss-of-function mutants because mab-5 is also required for formation of ray precursor cells R1-6. However, we were able to test whether MAB-5 expression in R1.a and R3.a descendants is sufficient to activate efn-4::gfp expression using mab-5(e1751), a promoter mutation which drives ectopic mab-5 expression in P neuroblasts, seam cells, and Rn descendants (Salser et al, 1993) . mab-5(e1751) has a ray phenotype similar to that caused by heat-shock-driven ectopic expression of mab-5, namely fusion of rays 1 and 3 with their respective posterior neighbors rays 2 and 4, suggesting that the e1751 mutation drives ectopic mab-5 expression in R1.a and R3.a descendants (Salser and Kenyon, 1996) . We found that efn-4::gfp is absent from R1.a and R3.a descendants in mab-5(e1751) (Fig. 3j and k) . Therefore, we conclude that MAB-5 expression in R1.a and R3.a descendants is not sufficient to activate efn-4::gfp expression in these rays. Furthermore, since mab-5(e1751) causes fusion of ray 1 to ray 2, and ray 3 to ray 4, mab-5 may repress expression of a gene required to prevent cell-cell contact formation with R2.a and R4.a descendants. In addition, we saw loss of efn-4::gfp expression in R5.a and R7.a descendants, indicating that, in these cells, ectopic mab-5 represses efn-4::gfp expression, but it does not cause fusion of these rays.
efn-4 and mab-20 act in independent pathways to regulate contact formation by R2.a and R6.a descendants
The similarity of the efn-4 and mab-20 phenotypes raised the possibility that they act in a single linear pathway. To test this hypothesis, we compared the ray phenotypes of the null mutants mab-20(ev574) and efn-4(bx80) with that of the mab-20(ev574); efn-4(bx80) double mutant. If efn-4 and mab-20 function in a single linear pathway, then the double mutant phenotype should not be more severe than mab-20(ev574) [which is more severe than efn-4(bx80)]. Rays 3 and 4 almost always fuse in mab-20(ev574) and efn-4(bx80) mutants. We found that rays 2 and 6 fuse at significantly higher frequency in the double mutant than in mab-20 ( Table 1 ), suggesting that efn-4 and mab-20 act in independent pathways in these cells, each contributing to the prevention of ray fusion.
Discussion
Pathways that directly control formation of cell-cell contacts
efn-4 and mab-20 play important roles in regulating cell-cell contact formation during ray development. Loss of efn-4 or mab-20 causes most Rn.a descendants to form ectopic contacts. Despite the similarity of the efn-4 and mab-20 phenotypes, genetic tests suggest that they act in independent pathways. This conclusion is consistent with the molecular nature of EFN-4 and MAB-20, which are ligands in distinct signaling pathways. mab-20 encodes a predicted secreted semaphorin; mab-20 reporters are expressed in all Rn.a descendants, and in mab-20 mutants, descendants of most Rn.a cells form ectopic contacts. This indicates that MAB-20 controls cell-cell contact formation in most Rn.a descendants, perhaps by inhibiting cell process formation (Roy et al., 2000) . efn-4 encodes a GPI-linked ephrin and a efn-4::gfp reporter is expressed in Rn.a descendants, suggesting that the simplest model for EFN-4 function is as a cell-membrane-bound protein expressed in Rn.a descendants that binds to a protein expressed in Rn.a descendants of neighboring rays to mediate repulsive signaling in either a forward or reverse (or both) manner. In efn-4 mutants, driving efn-4 expression in R6.a descendants using the mab-18 promoter strongly rescued ray 6 fusion, suggesting that efn-4 may act cell-autonomously. The alternating expression pattern of efn-4::gfp in R1.a, R2.a, R3.a, and R4.a descendants is reminiscent of complementary expression patterns of Eph receptors and ephrins in rhombomeres and other tissues, such as blood vasculature and spinal cord, raising the possibility that the EFN-4 binding partner is expressed in descendants of R1.a and R3.a and not R2.a or R4.a (Imondi et al., 2000; Taneja et al., 1996; Wang et al., 1998) . The identity of the EFN-4 receptor in the rays remains unknown, as the null mutant vab-1(dx31), the only Eph receptor in the genome identified by BLAST search, has wild-type rays 1-6 (Table 1) .
Although loss of mab-20 and efn-4 function results in a high frequency of ectopic contact formation between ray cells, R2.a and R6.a descendants sometimes do not form ectopic cell-cell contacts even in mab-20; efn-4 double mutants, suggesting that additional pathways or mechanisms control cell-cell contact formation. Cell-cell contact formation could potentially be regulated through a variety of mechanisms that control cell-cell adhesion or repulsion, cell shape, movement, or extension of processes.
Multiple factors control efn-4::gfp expression
In contrast to the uniform expression pattern of mab-20 reporters in Rn.a descendants, efn-4::gfp has a complex expression pattern, suggesting that it may be regulated by multiple factors. We find that egl-5 is responsible for repressing efn-4::gfp expression in some of the Rn.a descendants in which it is expressed, whereas mab-18 activates expression in R6.a descendants as well as R5.a descendants, and sma-6 may have a small activating effect in R5.a descendants. mab-5 is expressed in a similar pattern to efn-4::gfp in descendants of R1.a-R4.a; however, we found that MAB-5 expression in R1.a and R3.a descendants is not sufficient to activate efn-4::gfp expression. It remains to be determined whether efn-4 expression in R2.a and R4.a descendants requires MAB-5.
The roles of mab-20 and efn-4 in mediating ray identity gene function
Assuming that mab-20::gfp reporters accurately reflect expression of the endogenous mab-20 gene, our results show that mab-20 expression is wild-type in egl-5 and mab-18, and hence these genes likely do not function to prevent ray fusion by activating mab-20 expression. Consistent mab-20 expression in Rn.a descendants appears to require the dbl-1 pathway, raising the possibility that lack of mab-20 expression may contribute to ectopic contact formation in sma-6 mutants.
The observation of ectopic and increased efn-4::gfp expression in R3.a and R5.a descendants in egl-5 mutants is inconsistent with a simple repulsion model for efn-4 function. It suggests either that egl-5 controls cell-cell contact formation through mechanisms other than control of efn-4 expression or that lack of efn-4 expression is somehow necessary to prevent fusion. Consistent with the latter possibility, reduced efn-4 dosage rescues fusion of rays 3 and 4 in egl-5 heterozygotes (Chow and Emmons, 1994) . efn-4::gfp expression is reduced in R6.a descendants in mab-18 mutants, which would be expected to decrease the ability of R6.a descendants to repel R4.a descendants. However, driving efn-4 expression in R6.a descendants in mab-18 mutants did not rescue ray 6 fusion, indicating that, like EGL-5, MAB-18 also mediates contact specificity through additional mechanisms. As with mab-20::gfp, consistent efn-4::gfp expression in R5.a descendants requires dbl-1 pathway function, raising the possibility that absent or reduced efn-4 expression may contribute to ectopic contact formation in R5.a descendants in dbl-1 pathway mutants.
Regulation of cell-cell contact formation by cell-identity-specifying genes
Our studies suggest that egl-5, mab-5, mab-18 and sma-6 control cell-cell contact formation through mechanisms other than control of mab-20 or efn-4 expression. They could potentially function by regulating expression of any gene in the efn-4 and mab-20 signaling pathways, or further unidentified pathways in cell-cell contact regulation (Fig.  4) . Our results also raise the question of whether cellidentity-specifying genes generally function through more than one pathway. Formation of the Drosophila imaginal disc dorsal-ventral boundary requires multiple genes (Milan et al., 2001) . It is not known whether Eph-ephrin signaling is sufficient for specification of cell contact by Hox genes in the rhombomeres. Further understanding of how ray identity genes control cell-cell contacts will require identifying other genes that regulate cell-cell contact formation which may not have been identified in screens for ray fusion mutants due to an essential role earlier in development. -20, efn-4 , and ray identity genes. mab-20 is proposed to act as a secreted repellent that inhibits extension of cell processes (Roy et al., 2000) . We propose that efn-4 expressed on the surfaces of Rn.a descendants acts as a contact-dependent ligand for an unidentified receptor expressed on descendants of neighboring Rn.a cells, initiating repulsive signaling in the receptor-expressing cell and/or the efn-4-expressing cell through an ephrin reverse signaling pathway (Cowan and Henkemeyer, 2001; Davy et al., 1999) . The ray identity genes could potentially regulate expression of any component of mab-20 or efn-4 pathways, or other possible unidentified pathways controlling cell-cell contact formation.
